P lant microRNAs (miRNAs) regulate endogenous gene expression by recruiting silencing factors to complementary binding sites in target transcripts. Small-interfering RNAs (siRNAs) from transgenes or viruses also guide silencing effector complexes to their targets. But unlike most miRNAs, siRNAs can additionally initiate the production of a second wave of siRNAs, called secondary (2°) or "transitive" siRNAs, from the regions surrounding their primary target sites. This process ultimately enhances the silencing response, both locally and non-cell autonomously (1) . Given their key roles in establishing cell identities and precise boundaries between tissues, 2°siRNA synthesis is generally not a desired feature of miRNAs, yet a small fraction of these molecules do trigger transitivity in Arabidopsis. Thus, 2°siRNA synthesis is not confined to highly abundant, exogenous RNAs (e.g., viruses) because it may also operate on a subset of endogenous targets. Very defined determinants must therefore entail the recruitment of enzymes required for 2°s iRNA production to only the intended target RNAs, especially because the same Argonaute effector protein, AGO1, mediates the action of both siRNAs and miRNAs in Arabidopsis.
What are these determinants? Possible insights have come from studies of a small class of endogenous, noncoding RNAs called transacting (ta)-siRNA (TAS) precursors. TAS1, in particular, is cleaved by AGO1-bound miR173, and this somehow recruits the RNA-dependent RNA polymerase RDR6 to convert the 3′ cleavage fragment into double-stranded (ds)RNA. The dsRNA is then processed by Dicer-like 4 (DCL4, one of four Arabidopsis Dicers) into 2°siRNA (the tasiRNAs), which can themselves associate with AGO1 to direct silencing of complementary transcripts (2) . The noncoding nature of TAS primary transcripts was discarded early on as a possible signal for transitivity because several endogenous protein-coding transcripts had been shown to initiate transitivity upon their cleavage by a small RNA (3) .
Two recent studies, by Chen et al. in PNAS (4) and by Cuperus et al. (5) use a systematic genome-wide survey of the presence/absence of 2°siRNAs surrounding all known miRNA target sites in Arabidopsis. They found that transitivity-prone target transcripts could not be distinguished from their siblings on the basis of ontology, miRNA target site number, or position. Small RNA deep-sequencing analyses also indicated that miRNA abundance was not a discriminating criterion. Both studies, however, uncovered a strong bias in miRNA length. Indeed, although most miRNAs are normally excised by DCL1 from their imperfect stem-loop precursors as 21-nt-long species, the miRNAs associated with transitivity, including the TAS1-related miR173, were predominantly 22 nt in size. These were not just by-products of DCL1 mis-processing 21-nt miRNAs because most 22-nt miRNAs were found to contain 1-nt bulges relative to the pairing strand (called miRNA*) in the context of their stem-loop precursors. To test directly whether a 22-nt miRNA was indeed necessary and sufficient to trigger 2°siRNA formation, experimental systems were set up in tobacco. These systems used transgene constructs recapitulating the 22-nt miR173/TAS1 interactions via noncoding transcripts flanked by a 5′ miRNA target site ( Fig. 1 A and B) . Generating or deleting the 1-nt bulge within a synthetic miRNA precursor-which was codelivered in the assay-was sufficient to modify the size of the resulting miRNA. Both studies showed that converting a 22mer miRNA trigger into a 21mer eliminated its ability to initiate 2°s iRNA formation, whereas, conversely, converting a 21mer into a 22mer was sufficient to gain it. Importantly, Chen et al. (4) show that transitivity also occurred from an unrelated precursor that did not normally generate a 2°siRNA-trigger miRNA, thus excluding any additional structural or sequence determinants within the precursor.
Although these findings certainly provide new insights into the poorly understood processes by which 2°siRNA synthesis might be initiated from endogenous RNA, they also raise a number of issues that will require further experimental testing. First, recruitment of RDR activity is a mandatory, initial step for 2°s iRNAs synthesis. But it remains unclear how this recruitment is accomplished on a molecular level because both 21-and 22-nt miRNAs seem to function in association with AGO1. Therefore, the recruitment of an RDR activity-likely RDR6-might be mediated by a defined structural change in AGO1, incurred specifically by the incorporation of the longer, 22-nt miRNA. Notably, the 24-nt-long miR163 (carrying 3 bulged nucleotides relative to miR163* and also loaded into AGO1) does not trigger 2°siRNA formation from its targets, so these hypothetical structural changes should be both subtle and highly specific. Also unclear is whether the recruitment of an RDR occurs through direct protein-protein interaction with AGO1 or whether an intermediate protein, for example a GW motif-containing protein known to bind Although 22-nt miRNAs often result from single nt insertions in otherwise 2-nt miRNA duplexes that are generated by DCL1, DCL2 intrinsically produces 22-nt siRNAs from perfectly double-stranded templates (C). When associated with AGO1, 22-nt siRNAs might also recruit an RDR activity such that target transcripts (e.g., viral RNAs) would be destabilized not only by slicing via the primary (1°) siRNAs but also by a Dicer activity recruited to the newly formed doublestranded RNA. COMMENTARY the MID domain of AGOs (6), bridges the two partners. Second, AGO1 is a classical, slicerproficient Argonaute known to cleave target transcripts of sufficient complementarity, including 2°siRNA-generating transcripts. But is slicing effectively required for transitive siRNA formation? In principle, on-site recruitment of an RDR would merely entail target RNA binding, not necessarily slicing. Slicing, however, generates products that are of an "aberrant" type (uncapped or not polyadenylated), and indeed, aberrant RNAs that escape quality control by XRN nucleases have been shown to trigger cosuppression in an RDR6-dependent manner (7) . An evaluation of the role of slicing in 22-nt miRNA-directed transitivity should be relatively straightforward because the synthetic TAS1-like transgenes used by both teams can be engineered with target sites containing discrete, central mistmatches, which are known to prevent slicing but to preserve small RNA binding.
Third, 22-nt miRNAs generated by DCL1 are rather rare and, as shown in both studies, only formed when their precursors adopt structurally imbalanced conformations. However, a distinct Dicer protein, DCL2, intrinsically produces 22-nt siRNAs from long double-stranded RNAs derived from RDR activity, hairpin transgenes, or viral replication (8) . In normal circumstances, DCL2 is outcompeted by DCL4 (producing 21-nt siRNA species), such that 22mer small RNAs accumulate only in the absence, or suppression, of DCL4 activity (9). 22-nt siRNAs do, however, functionally substitute for DCL4-generated 21mers with respect to target RNA silencing. But are they, like DCL1-generated 22-nt miRNAs, also competent to initiate 2°siRNA formation? A possible clue comes from a study of a hairpin-based silencing system targeting a GUS transgene. The study suggests that 22-nt siRNA accumulating in the absence of DCL4 does so both from the trigger and also from the adjacent 3′ regions of the target RNA, thus supporting a role for DCL2, and therefore for 22-nt siRNAs, in 2°siRNA formation (10) . To what degree this observation can be generalized to the bulk of 22-nt siRNAs derived from endogenous and exogenous triggers remains undetermined.
A 22-nt miRNA can be sufficient to initiate transitive sRNA formation on a 3′ cleavage fragment.
Recruitment of RDR activities to a target provides a means for amplifying the silencing response. This process is particularly adapted to antiviral defense because it allows the host silencing response to keep pace with the high replication levels of these pathogens; in turn, viruses produce viral silencing suppressors (VSRs) to antagonize this reaction. For example, inhibition of AGO1 by the P38 VSR protein of Turnip crinckle virus incurs dramatic perturbations in DCL homeostasis (11) . These perturbations ultimately result in a loss of DCL4 activity, which allows dicing of viral dsRNA into 22-nt siRNAs by DCL2. Although this 21-to 22-nt shift in antiviral siRNA length could be a deadend, detrimental consequence of P38 activity, it could also reflect a sophisticated host defense mechanism by which infected cells might signal the recruitment of RDRs, including RDR6, onto viral RNA to reinforce silencing (Fig. 1C) .
But as useful as 22-nt siRNAs might be in pathogen defense, the unintended accumulation of 22-nt miRNAs could be detrimental when miRNA action is required in highly specific tissues and in defined doses, for example to establish or maintain cellular identities. The precursors of classical 21-nt miRNAs are thus expected to be under evolutionary constraint to avoid the acquisition of nucleotide insertions in miRNA sequences, an idea that could be validated thanks to the availability of genomic sequence data for several species and accessions of Arabidopsis and other plants. Under certain circumstances, however, it might be beneficial to silence simultaneously multiple members of a gene clade, and 2°siRNAs might serve as a means to extend the targeting range of the primary miRNA, as seen for miR173 and its PPR target genes, which form one of the largest Arabidopsis gene families (12, 13) .
The most deeply conserved example of endogenous 2°siRNA, the so-called tasiRARFs, use a rather different pathway for their generation: the trigger miRNA, miR390, is 21 nt and not 22 nt in size, binds specifically to a specialized AGO protein, AGO7, and subsequent doublestrand formation by RDR6 proceeds on the 5′ rather than the 3′ cleavage fragment (2) . Similarly, RDR6-mediated transitivity observed on some transgenes can also proceed in the 5′ direction and can be initiated by 21-nt AGO1-associated miRNAs, for example in the case of GFP171.1, a constitutively and highly expressed GFP transgene harboring a target site for the endogenous miR171 in its 3′ UTR (14) . Therefore, although the studies by Chen et al. and by Cuperus et al. (4, 5) illustrate that a 22-nt miRNA can be sufficient to initiate transitive sRNA formation on a 3′ cleavage fragment, it remains to be investigated whether the necessity of a 22mer could be generalized and would also hold true if RDR activity is directed toward the 5′ end of a target RNA.
